A total of 137 actinomycetes cultures, isolated from 25 different herbal vermicomposts, were characterized for their antagonistic potential against Fusarium oxysporum f. sp. ciceri (FOC) by dual-culture assay. Of the isolates, five most promising FOC antagonistic isolates were characterized for the production of siderophore, cellulase, protease, hydrocyanic acid (HCN), indole acetic acid (IAA) and antagonistic potential against Rhizoctonia bataticola, which causes dry root rot in chickpea (three strains viz. RB-6, RB-24 and RB-115) and sorghum (one strain). All of the five FOC antagonistic isolates produced siderophore and HCN, four of them (except KAI-90) produced IAA, KAI-32 and KAI-90 produced cellulase and CAI-24 and CAI-127 produced protease. In the dual-culture assay, three of the isolates, CAI-24, KAI-32 and KAI-90, also inhibited all three strains of R. bataticola in chickpea, while two of them (KAI-32 and KAI-90) inhibited the lonely strain in sorghum. When the FOC antagonistic isolates were evaluated further for their antagonistic potential in the greenhouse and wilt-sick field conditions on chickpea, 45-76% and 4-19% reduction of disease incidence were observed, respectively compared to the control. The sequences of 16S rDNA gene of the isolates CAI-24, CAI-121, CAI-127, KAI-32 and KAI-90 were matched with Streptomyces tsusimaensis, S. caviscabies, S. setonii, S.
Introduction
Fusarium wilt, caused by Fusarium oxysporum Schl. emend. Snyd. and Hans. f. sp. ciceri (Padwick; FOC), is regarded as one of the most important diseases of chickpea. Other species and formae 3 speciales of Fusarium also cause wilt in chickpea and produce mycotoxins (Di Pietro et al., 2003; . FOC may survive in soil and on crop residues as chlamydospores for up to six years in the absence of susceptible host, and spread by means of both soil and infected seed (Haware et al., 1978) . FOC is a major threat to chickpea production in the Indian subcontinent and Mediterranean basin (Trapero-Casas and Jimenez-Diaz, 1985; Jalali and Chand, 1992) . Fusarium wilt is prevalent in almost all chickpea-growing areas of the world, and its incidence varied from 14% to 32% in the different states of India (Dubey et al., 2010) . This disease causes yield losses up to 100% under favorable conditions in chickpea (Anjaiah et al., 2003; Landa et al., 2004) .
Management of Fusarium wilt of chickpea is difficult, as no single control measure is fully effective. Solarization of soil, advanced sowing date, use of FOC-free seed and fungicide-treated seed are some of the measures usually employed to control Fusarium wilt in chickpea, but with limited success (Jalali and Chand, 1992; Haware et al., 1996; Navas-Cortes et al., 1998) . The use of resistant cultivar is the most economical and efficient control measure but the effectiveness of Fusarium wilt resistance is restricted by the occurrence of eight pathogenic races in FOC, due to evolution of variability in the pathogen (Haware and Nene, 1982; Jimenez-Gasco and Jimenez-Diaz, 2003) .
Currently, biological control of this soil and seed-borne plant pathogenic fungi has been addressed using bacterial and fungal antagonists. Strains of Pseudomonas spp., Bacillus spp., Trichoderma spp. and non-pathogenic isolates of F. oxysporum, isolated from the rhizospheres of crop plants and composts, were shown effective not only to control plant pathogens but also in helping the plants to mobilize and acquire nutrients (Glick, 1995; Burr et al., 1998; Postma et al., 2003; Khan et al., 2004; Perner et al., 2006) . Such novel microorganisms, with plant growth-promoting and biocontrol traits, are found in much higher levels in forest, pasture soils and herbal compost than in arable soils (Torsvik et al., 2002; Tinatin and Nurzat, 2006 ).
There is a growing interest in the use of secondary metabolites, such as toxins, proteins, hormones, vitamins, amino acids and antibiotics from microorganisms, particularly from actinomycetes, for the control of plant pathogens as these are readily degradable, highly specific and less toxic to nature (Doumbou et al., 2001) . It is a well-known fact that actinomycetes are found most common in compost and play an important role not only in the decomposition of organic materials but also in their ability to produce 4 secondary metabolites of pharmacological and commercial interest. Hence, in the present investigation, several herbal vermicomposts were screened for actinomycetes that contain antagonistic potential against Fusarium wilt of chickpea. The objective of this study was to characterize and evaluate the actinomycetes isolated from vermicomposts for their ability to suppress FOC under both green house and field conditions. foliages of herbals (bedding material) were composted on top of the grill with earthworms (Eisenia foetida). The bedding material was moistened with water before being added to the barrel. The barrel was covered with a lid to keep the moisture intact and to avoid light as earthworms grow well in moist environment and darkness. A layer of foliage was added once a week as feed for the earthworms. The whole set-up was left for 2 months until all the foliages of herbals were digested. When the herbal compost was ready, about 100 g of the sample was collected and stored in a refrigerator at 4 o C for further studies.
Materials and methods

Preparation of herbal vermicompost samples
Isolation of actinomycete strains
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Ten grams of herbal vermicompost from each sample were separately suspended in 90 ml of physiological saline (0.85% of NaCl) in a flask and placed on an orbital shaker (at 100 rpm) at room temperature (28 ± 2 o C) for 1 h. At the end of shaking, the vermicompost samples were serially diluted up to 10 6 dilutions with physiological saline. Dilutions 10 4 −10 6 were plated on starch casein agar (SCA) by spread plate technique and incubated at 28 ± 2 o C for four days. The most prominent colonies (the ones which were found abundantly in the plate, produced pigments and inhibited the adjacent colonies) were isolated and maintained on SCA slants at 4 o C for further studies. Anjaiah et al., 1998) plate, and actinomycete isolate was streaked on the other edge of the plate (1 cm from the corner), followed by incubation at 28 ± 2 o C for four days or until the pathogen covered the entire plate in the control plate. Inhibition of fungal mycelium (halo zone) around the actinomycete colony was noted as positive and the inhibition zone measured.
In vitro antifungal activity
Enzymatic activities and secondary metabolite production by the actinomycete isolates
Siderophore production
Siderophore production was determined according to the methodology described by Schwyn and Neilands (1987) . Actinomycetes were streaked on chrome azurol S (CAS) agar media and incubated at 28 ± 
Cellulase production
The standardized protocols of Hendricks et al. (1995) were used to evaluate the cellulase production. Actinomycetes were streaked on cellulose Congo red agar media and incubated at 28 ± 2 °C for four days. The plates were observed for halo zone around the actinomycete colonies, which indicate the presence of cellulase. Observations were recorded on a 0−4 rating scale as follows: 0 = no change; 1 = positive; 2 = halo zone of 1−3 mm; 3 = halo zone of 4−6 mm and 4 = halo zone of 7 mm and above.
Protease production
It was done as per the protocols of Bhattacharya et al. (2009) . Actinomycetes were streaked on casein agar and incubated at 28 ± 2 °C for four days. At the end of the incubation, the plates were observed for halo zone around the colonies, which indicates the presence of protease. Observations were recorded on a 0−4 rating scale as follows: 0 = no change; 1 = positive; 2 = halo zone of 1−3 mm; 3 = halo zone of 4−6 mm and 4 = halo zone of 7 mm and above.
Hydrocyanic acid (HCN) production
HCN was estimated qualitatively by the sulfocyanate colorimetric method (Lorck, 1948) . The actinomycetes were grown in Bennett agar amended with glycine (4.4 g l -1
). One sheet of Whatman filter paper no. 1 (8 cm diameter) was soaked in 1% picric acid (in 10% sodium carbonate; filter paper and picric acid were sterilized separately) for a minute and stuck underneath the Petri dish lids. The plates were sealed with Parafilm and incubated at 28 ± 2 °C for four days. Development of reddish brown color on the filter 7 paper indicated positive for HCN production. Observations were recorded (by a panel of three observers) on a 0−3 rating scale (they were rated based on the intensity of the reddish brown color) as follows: 0 = no color change; 1 = light reddish brown; 2 = medium reddish brown and 3 = dark reddish brown.
Indole acetic acid (IAA) production
It was done as per the protocols of Patten and Glick (1996) . The actinomycetes were grown in starch casein broth supplemented with L-tryptophan (1 µ g ml -1
) for four days. At the end of the incubation, the cultures were centrifuged at 10,000g for 10 min and the supernatants collected. One ml of this culture filtrate was allowed to react with 2 ml of Salkowsky reagent (1 ml ) present in the culture filtrate.
Evaluation of actinomycetes under greenhouse conditions
The five most potential antagonistic actinomycete isolates ( . In addition, actinomycetes population was enumerated on day 29 in the negative control, in the actinomycetes control (where no FOC was inoculated) and in the treatments (where both FOC and actinomycetes were inoculated) on SCA plate, as explained earlier.
Evaluations of actinomycetes in Fusarium wilt sick field
The five most potential antagonistic actinomycetes from the in vitro and greenhouse studies were 
Molecular identification of the isolates
Pure cultures of potential FOC antagonistic actinomycetes were grown in starch casein broth until log phase (four days) and genomic DNA was isolated according to Bazzicalupo and Fani (1995) . The amplification of 16S rDNA gene was done using universal primers 1492R (5'-TAC GGY TAC CTT GTT ACG ACT T-3') and 27F (5'-AGA GTT TGA TCM TGG CTC AG-3') as per the conditions described by Pandey et al. (2005) . The PCR product was sequenced at Macrogen Inc. Seoul, Korea. The sequences obtained were compared with those from the GenBank using the BLAST program (Alschul et al., 1990) , aligned using the Clustal W software (Thompson et al., 1997) , and phylogenetic trees inferred using the neighbor-joining method (Saitou and Nei, 1987) . Bootstrap analysis using MEGA version 4 program (Tamura et al., 2007) for 1000 replicates was performed to attach confidence estimates for the tree topologies.
Statistical analysis
All the greenhouse experiments were arranged in completely randomized block design with six replications. Field experiment was conducted in a completely randomized block design with three replications. Dual-culture assay was conducted in completely randomized design with three replications Experimental Station) to evaluate the efficiency of biocontrol agent's application in the greenhouse studies.
Significance of differences between the treatment means was tested at P = 0.01 and 0.05.
Results
Selection of antagonistic actinomycete isolates
A total of 137 actinomycetes, the most prominent isolates (the ones which were found abundantly, produced pigments and inhibited the adjacent colonies) in the SCA plate, were isolated from the 25 
Enzymatic activities and secondary metabolite production by the actinomycetes isolates
When the five FOC antagonistic actinomycetes were evaluated for their enzymatic activities and secondary metabolite production, all the five isolates produced siderophore, HCN and IAA (except KAI-90), whereas two isolates produced cellulase (KAI-32 and KAI-90) and protease (CAI-24 and CAI-127) (Table 1) . Isolate CAI-24 produced the maximum IAA with 43.7 µg ml -1 of culture filtrate, 8−10 times higher than the other positive isolates (Table 1) .
Evaluation of actinomycetes in greenhouse conditions
When the five FOC antagonistic actinomycetes were evaluated for their antagonistic potential in greenhouse, 45−76% reduction in Fusarium wilt incidence was observed at 29 DAS over the FOCinoculated control (Fig. 1 ). In the FOC-inoculated control, 100% disease incidence was observed within 20 DAS itself. Reduction of wilt incidence was found the maximum in CAI-24 (76%) followed by CAI-127 (72%), CAI-121 (67%), KAI-32 (56%) and KAI-90 (45%) (Fig. 1) . CAI-24 acted well with only M1, M2
and M5 methods of actinomycete inoculation (22−76% reduction of disease incidence over the control), whereas the other isolates acted well with all the five methods of actinomycete inoculation (CAI-121, CAI-127, KAI-32 and KAI-90) reduced the disease incidence by 22−67%, 11−72%, 22−56% and 22−45%, respectively ( Fig. 1 ). Actinomycetes population in the rhizosphere soils of both the treatments (where FOC was inoculated and not inoculated) were about 8 Log 10 values (Fig. 2) .
Evaluation of actinomycetes in Fusarium wilt sick field
When the five potential FOC antagonistic actinomycetes were further evaluated in wilt stick field conditions, a reduction of Fusarium wilt incidence (4−19%) was observed at 28 DAS over the control, where no actinomycetes were inoculated (Fig. 3) . In the control, 100% disease incidence could be noticed by 20 DAS itself. Reduction of wilt disease incidence was found maximum with CAI-24 that was up to 25% at 24 DAS and 15% at 28 DAS. The next one being KAI-90 with 22% reduction at 24 DAS and 19%
at 28 DAS with the M1 (seed inoculation) method. The other three isolates (CAI-121, CAI-127 and KAI-32) showed lower levels of reduction of wilt disease incidence (up to 18% at 24 DAS and 10% at 28 DAS) over the control (Fig. 3) . At 30 DAS, when the population of actinomycetes was enumerated from the rhizosphere soils, no actinomycete was found in the control plots, whereas actinomycetes (up to 10 6 values)
were found in actinomycete-inoculated plots (Fig. 4) .
Molecular identification of the actinomycete isolates
In order to determine the identity of the five potential FOC antagonistic actinomycetes, its 16S
rDNA was sequenced and analyzed. A neighbor-joining dendrogram was generated using the sequence from the five FOC antagonistic actinomycetes (1,400 bp) and representative sequences from the databases.
Phylogenetic analysis of 16S rDNA sequences of the five isolates showed that CAI-24 had maximum sequence similarity (98%) with Streptomyces spp. M10 and S. tsusimaensis, whereas CAI-121, CAI-127
and KAI-32 showed maximum sequence similarity (98%) with S. caviscabies, S. setonii and S. africanus, respectively (Fig. 5) . The fifth isolate, KAI-90, was identified only up to the genus level, Streptomyces spp., as its sequences did not match with any of the species in the databases (Fig. 5 ).
Discussion
Of the 137 actinomycete isolates obtained from the herbal vermicomposts, only 33 of them (24%) were found to have the antagonistic potential against FOC. The isolates which showed more than 10 mm inhibition zone (CAI-24, CAI-121, CAI-127, KAI-32 and KAI-90) were further evaluated for siderophore, HCN, cellulase, protease and IAA production. Siderophores are usually produced by various soil microbes including actinomycetes to bind Fe 3+ from the environment and make it available for its own growth; plants also utilize these as an iron source (Wang et al., 1993) . Actinomycetes (Streptomyces spp.) isolated from rhizosphere soil have been reported to produce siderophores and inhibit the growth of phytopathogens (Tokala et al., 2002) . Actinomycetes found in the rhizosphere need to compete with other rhizosphere plant pathogens for iron, hence competition for iron is also a possible mechanism to control the phytopathogens.
HCN production is also reported to play a role in disease suppression (Wei et al., 1991) , for instance, Haas et al. (1991) reported HCN production by strains of Pseudomonas fluorescens that helped in suppression of black root rot of tobacco. In the present investigation, all the five FOC antagonistic actinomycetes produced siderophore and HCN and hence it can be concluded that actinomycetes have good biocontrol potential (Table 1) .
IAA-producing microorganisms are known to promote root elongation and plant growth (Patten and Glick, 2002) . By producing the plant hormones, microorganisms stimulate plant growth in order to increase the production of plant metabolites which can be beneficial for their growth. In the present study, four out of five FOC antagonistic actinomycetes (except KAI-90) produced IAA ( Table 1 ), suggesting that these isolates could be used for plant growth promotion. Of the five isolates studied, CAI-24 produced 8−10 times higher IAA than the other isolates and thus can be exploited by the host plants.
In the present study, it was also noticed that two of the five FOC antagonistic actinomycetes produced cellulase (KAI-32 and KAI-90) and protease (CAI-24 and CAI-127). Cellulose is the most abundant polysaccharide (20-50%) present in the plant biomass which can be degraded by microbial enzymes such as cellulase (Lynd et al., 2002) . Hence, protease and cellulase-producing microorganisms play an important role in the decomposition of organic matter, nutrient mineralization and promoting plant growth. In addition, these also act as biocontrol agents on cellulose and protein cell wall-bearing pathogens such as Phytophthora and Pythium spp. (Lima et al., 1998) .
When the five actinomycetes were further evaluated for their antagonistic potential against M.
phaseolina and R. bataticola in the dual-culture assay, two isolates (KAI-32 and KAI-90) inhibited M.
phaseolina, while three isolates (CAI-24, KAI-32 and KAI-90) inhibited all the three strains of R.
bataticola (Table 1) . From these results, it can be concluded that KAI-32 and KAI-90 have good antagonistic potential as these inhibited the three tested pathogens. Further, the production of antifungal substances may be involved in the inhibition of hyphal growth of fungal pathogens, as there was no direct contact between fungal pathogens and actinomycete colonies in the dual-culture assay.
In the greenhouse experiment, the five actinomycetes showed 45−76% reduction in Fusarium wilt incidence at 29 DAS over the FOC-inoculated control, where 100% disease incidence was observed within 20 DAS (Fig. 1) . In order to know whether the introduced actinomycetes were able to colonize in the chickpea rhizosphere, actinomycetes were enumerated at 30 DAS. Actinomycetes count in the treatments 14 where FOC was inoculated (FOC+) was equally good (8 log 10 ) and comparable with the counts from the treatments where FOC was not inoculated (FOC-), indicating that the introduced actinomycetes survived, competed with the FOC, colonized in the rhizosphere and controlled the disease (Fig. 2) .
It has been shown in a number of studies that effective suppression of disease can only be obtained under low to moderate disease pressure or environmental conditions moderately favorable for disease development. For instance, Hervas et al. (1997 Hervas et al. ( , 1998 reported that Pseudomonas putida WCS358, P.
fluorescens WCS374, non-pathogenic F. oxysporum Fo47 and F. oxysporum Fo 90105 reduced Fusarium wilt of chickpea when the disease incidence and the pathogen inoculum density were low. Ryder and Jones (1993) reported that the ability of the antagonistic microorganism to maintain a sufficient population density in the rhizosphere for a sufficient length of time is critical for the success of any biocontrol method. Lugtenberg and Dekkers (1999) suggested that selection of any potent strain useful for biocontrol must be based on the rhizosphere competence, antagonistic ability and root-colonizing ability.
In the present study, the field evaluation was conducted in a 30-year-old wilt sick field where environmental conditions were highly conducive for Fusarium wilt development but the five FOC antagonistic actinomycetes were able to delay the disease onset and control the disease to a greater extent.
The five FOC antagonistic actinomycetes showed 4−19% reduction in wilt incidence at 28 DAS over the control (where 100% disease incidence was observed within 20 DAS itself), and in the rhizosphere soils (top 15cm soil at 30 DAS) no actinomycete was found in the control plots, whereas actinomycetes up to 10 6 log values were found in the treatment plots (Figs. 3 and 4) . Hence, it can be concluded that no native actinomycetes were present in the wilt sick rhizosphere soils, while the artificially inoculated actinomycetes survived in the field conditions, colonized in the chickpea rhizosphere soils, competed with the native FOC (that has been well established since 30 years) and controlled the wilt of chickpea to a greater extent. In a similar kind of field experiment in wilt sick plot, Landa et al. (2004) reported that biocontrol agents, B. subtilis GB02 and P. fluorescencs RG26, when applied alone and in combination with non-pathogenic F. oxysporum Fo 90105 delayed the disease onset and suppressed Fusarium wilt. However, field evaluation of antagonistic actinomycetes against Fusarium wilt is not reported anywhere.
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Phylogenetic analysis of 16S rDNA sequences of the five FOC antagonistic actinomycetes showed that all the isolates belong to genus Streptomyces but different species (Fig. 5) . Streptomyces spp. have been shown to protect many crop plants against pathogenic fungi (Liu et al., 1996) . For instance, S.
hygroscopicus antagonized Rhizoctonia solani, the causal organism of pea root rot (Rothrock and Gottlieb, 1984) , and Streptomyces spp. strain g10 exhibited strong antagonism towards F. oxysporum f. sp. cubense, causal organism of wilt in banana (Getha et al., 2005) . Streptomyces spp. were also found to control FOC, for example S. rochei and S. rimosus isolated from the chickpea rhizosphere were found to have antagonistic potential against FOC (Bashar and Rai, 1994) , and Streptomyces spp. isolated from national parks in Kenya were shown to have antifungal activity against FOC (Nonoh et al., 2010) . The biological degradation and conversion of agricultural wastes by vermicomposting is becoming a preferable method of recycling wastes. Application of vermicompost and/or compost prepared from herbs not only promotes plant growth, as it contain beneficial microorganisms that help the plants to mobilize nutrients (Perner et al., 2006; Yin et al., 2011) , but also inhibits plant pathogens e.g. vermicompost at 25% controlled damping off in Patience plant (Impatiens wallerana) caused by R. solani (Asciutto et al., 2006) .
In the present investigation, the five actinomycetes isolated from the vermicompost showed persistent antimicrobial activity against FOC in both greenhouse and wilt sick field conditions. The broad range of antifungal activity of the five antagonistic actinomycetes demonstrates the multiple mechanisms of action (antibiosis, HCN, siderophore, IAA and cell wall-degrading enzymes; Table 1 ) and hence may involve more than one antifungal metabolite. Therefore, these actinomycetes are likely to be the potential candidates for discovery of novel secondary metabolites for various biocontrol applications. Determination of the exact mechanisms of action of these biocontrol agents can assist in furthering the use of eco-friendly bio-fungicides. 
